Purpose: Brain metastasis is a common complication in cancer patients. Local recurrence after total resection of metastatic brain tumor has been frequently reported. In this study, we developed a new hyperthermia device and applied it to metastatic brain tumor patients intra-operatively to study if hyperthermia treatment could reduce local tumor recurrence. Materials and methods: A total of 63 metastatic brain patients were enrolled in the study with an informed consent obtained from every patient. After total resection of the tumor, the hyperthermia device was applied intra-operatively to the resection cavity. The surrounding brain tissue at 5 mm in depth from the tumor resection margin was raised to 42.5 C for a total of 60 minutes (Clinical Research Information Service Registration Number: KCT0001308). Results: A total of 10 local recurrences were observed in 63 patients who received hyperthermia treatment showing a local recurrence rate of 15.8%. It was significantly lower than the local recurrence rate of those who received conventional treatment (34%) when analyzed with one tailed z-test (p value: .001). Kaplan-Meier analysis also showed a significantly lower recurrence rate in the hyperthermia treatment group (p value: .0003). Complications included two cases of seizures and two cases of wound infection. Conclusions: Results of this study suggest that intra-operative hyperthermia treatment after total resection of metastatic brain tumor could reduce local recurrence of tumor. We believe that intraoperative hyperthermia treatment could be used as an adjuvant therapy to surgery and post-operative radiotherapy, or as a salvage treatment in patients who cannot receive further radiotherapy.
Introduction
Brain metastasis is a common complication in cancer patients affecting as many as one-third of cancer patients. The incidence of brain metastases seems to be rising with advancement in therapies that control systemic disease which ultimately prolongs patient's survival period [1] . Surgery is widely accepted as an appropriate treatment modality for patients with brain metastases, especially, for those with good performance level and a single, surgically accessible metastatic lesion. Surgical resection of metastatic lesion may help to stabilize neurological symptoms and provide survival benefit for patients [2, 3] . A complete en bloc resection of tumor is preferred in most cases to reduce local recurrence rate. However, local recurrences have been reported in patients who receive total resection of the tumor. Local recurrence rate ranges from 10 to 34% in patients who have went through complete resection of the tumor followed by post-operative radiotherapy [4] [5] [6] [7] . Local recurrence is thought to be caused by clinically undetectable cancer cell islands infiltrated among the tumor bed. These tumor cells did not seem to infiltrate for more than 5 mm in depth from the tumor resection margin in previously reported studies [8, 9] .
The efficacy of hyperthermia treatment in tumor patients has been actively investigated over the past years. Hyperthermia treatment is defined as a procedure of artificially raising the target tissue temperature up to 40-44 C. It has been used mostly as a supplementary therapy to other established cancer treatment such as radiotherapy and chemotherapy [10] [11] [12] . Hyperthermia treatment can induce tumor cell deaths through heat-induced necrosis and protein inactivation [13] . In addition, it is believed that hyperthermia treatment can sensitize cancerous cells to radiotherapy and chemotherapy [12, 14] . Several studies have also demonstrated that hyperthermia treatment can increase immunological attacks against tumor [15] .
Different methods of delivering heat to tumor cells have been investigated [16] . Interstitial hyperthermia treatment for brain tumors has been studied where heat is applied to the tumor by implanting interstitial catheters within or around the tumor. In general, these studies have concluded that hyperthermia treatment could provide local tumor control [17] . However, acute complications, such as, focal seizure and cerebral edema have been reported [18] . In addition, there were concerns involving increased likelihood of intracranial infection due to intracranial implantation of foreign bodies such as thermal probes [19, 20] . Technical limitations in effectively achieving an even temperature (42-45 C) distribution within the entire tumor were also reported [21] .
In this prospective study, we developed a new hyperthermia device to effectively raise the temperature of target areas to therapeutic level (42.5 C) and monitor the effect of the treatment. The hyperthermia device was applied to metastatic brain tumor patients intra-operatively after total resection of the tumor. The primary goal of this clinical trial was to study if intra-operative hyperthermia treatment could provide better local tumor control compared to the conventional treatment, which consists of surgical resection, adjuvant radiotherapy and systemic chemotherapy.
Materials and methods

Development of hyperthermia device
Hyperthermia device developed in this study consisted of a water tank, a water heater, a water pump, water tubes, a spherical implant, a temperature sensor and a temperature display monitor (Figure 1(A,B) ). Water was heated by the heater then circulated into the spherical implant through the water tubes. The water tubes were made to be disposed after each treatment and be changed to new ones. After the preclinical animal experiment, modifications of the hyperthermia device were made. The water tank, water heater, water pump, and the temperature display monitor were all integrated into a single closed system to reduce the risk of infection ( Figure  1(C-E) ). The modified hyperthermia device was used in the clinical trial, and both Korean patent (no. 10-2006-0042) and US patent (no. 11-789059) were obtained for the device.
The hyperthermia implant was designed in a spherical shape in an effort to evenly raise the temperature of the surrounding brain tissues. It was made of brass to maximize the rate of heat conduction. It was then coated with gold to ensure biological safety when placed in the surgical resection cavity. The spherical implant was designed in 10 different sizes to accommodate various sizes of surgical resection cavity (15 mm, 22.5 mm, 25 mm, 27.5 mm, 30 mm, 32.5 mm, 35 mm, 40 mm, 45 mm in diameter). The shaft of the spherical implant was insulated from the inside to prevent it from heating up with the implant. The temperature sensor was assembled inside the shaft with the tip of the sensor extending out from the spherical implant. The temperature sensor had three different channels situated 5 mm apart from another ( Figure 2 ). (7) temperature display monitor and the (8) control panels were on the anterior side. The (9) water tank was attached on the lateral side. The water would pass through the (10) upper tube from the water tank to the (11) water heater. The heated water would then pass through the lower tube and the (12) water pump. It would ultimately be pumped out through the (13) water outlet tube to heat up the spherical hyperthermia implant. The temperature sensor was connected to the (14) sensor connector. There were (15) , (16) fans on the posterior side of the device for cooling.
Preclinical animal experiment and biological safety
Preclinical animal experiments were conducted using the prototype hyperthermia device to determine the safety of the device. Right frontal craniectomy and partial resection of the frontal lobe were performed on a total of six pigs ( Figure  3(A,B) ). The resection cavity did not cross the midline of the brain. The spherical hyperthermia implant was then applied to the surgically made brain cavity (Figure 3(C,D) . The temperature of the surrounding brain tissues at 5 mm in depth from the cavity margin was elevated to 42. 5 C for a total of 60 min. All pigs received the hyperthermia treatment using the smallest spherical implant, which was 15 mm in diameter. The thermal distribution study showed that the water had to be heated between the ranges of 53-54 C to maintain the temperature of the targeted area at a constant level of 42.5 C. After the hyperthermia treatment, the dura was closed and the wound was closed without replacing the bone. All preclinical animal studies were approved and conducted under the supervision of the Institutional Animal Care and Use Committee of National Cancer Center.
Two pigs were terminated immediately after the hyperthermia treatment, two pigs after 1 month, and two pigs after 6 months. All pathology studies of the pigs were done by experienced neuro-pathologists. The behavioral observations and neurological examinations of the pigs were done by a veterinarian. These included gait analyses, observation for abnormal head and forelegs positions, and cranial nerve function tests.
Pathology studies of the brain were done in pigs that were terminated immediately after the hyperthermia treatment ( Figure 4 (A,B)) and in pigs that were followed up for a month after the hyperthermia treatment ( Figure 4 (C-E). Heat-induced degenerative neuronal injury was not observed in either of the cases. Brain Magnetic Resonance Imaging (MRI) conducted on pigs after one month ( Figure 5 ) and six months after the hyperthermia treatment did not show any significant findings. Behavioral and neurological abnormalities were not observed in any of the pigs during the experiment. After both the short-term and long-term safety of the hyperthermia device were proven by these pre-clinical animal experiments, the hyperthermia device was approved for clinical trial by the Korea Food and Drug Administration (KFDA) (KFDA board approval number: no. 199). 
Study design
Metastatic brain tumor patients between the age of 18 to 80 who were either newly diagnosed with cancer or diagnosed with local recurrence after initial surgical resection and adjuvant treatments were selected as candidates for this study. Patients had to score 70 or more on the Karnofsky Performance Status Scale to be eligible for the study. Patients with more than three metastatic brain lesions, leptomeningeal carcinomatosis, or uncontrolled primary disease were excluded from the study.
Patients underwent total resection of the metastatic brain tumor, which was confirmed by intra-operative frozen section margin biopsy and post-operative MRI. The spherical hyperthermia implant compatible to the size of the resection cavity was then applied into the surgical cavity to raise the surrounding brain tissue to target temperature ( Figure 6 ). The implant was secured without the shaft touching the normal brain. The brain was left open during the intra-operative hyperthermia treatment. The attending surgeon was on standby without leaving the surgical field during the entire hyperthermia treatment. Intra-operative electroencephalography was done in all patients.
Previous data have shown that the maximum temperature that could be applied to central nervous system without obvious complications is in the range of 42 to 42. 5 C for 40 to 60 min [22] . Therefore, in this study the temperature of the surrounding brain tissues at 5 mm in depth from the tumor resection margin was raised to 42. 5 C for a total of 60 min. The temperature sensor tip extending from the implant was carefully inserted into the surrounding brain tissue to monitor the temperature. The temperature of the surrounding brain tissue was kept constant at the target therapeutic by controlling the temperature of the heated water circulating the spherical implant.
After the surgical resection and intra-operative hyperthermia treatment, patients received adjuvant radiotherapy if possible, and appropriate systemic chemotherapy as clinically needed. Post-operative radiotherapy was started within a month from the operation after surgical wound has been fully healed.
This clinical trial was approved by the Institutional Review Board of National Cancer Center (IRB No. NCCCTS-MD-08-001). An informed consent was obtained from every patient in this study after the nature and possible consequences of the study were explained.
Patient population
It was difficult to choose a historical control cohort for this study as local recurrence rate for metastatic brain tumor patient varied greatly in previously reported studies. However [23] as our control cohort. Patients in the conventional treatment group underwent total resection of the tumor followed by adjuvant radiotherapy and systemic chemotherapy. The 65 patients listed as those who did not receive post-operative radiotherapy were those who underwent systemic chemotherapy first due to progression of the primary disease. These patients later received delayed radiotherapy when brain metastasis was detected.
The minimum number of patient subjects needed for this study was calculated by using Fleming's single stage procedure formula for phase 2 clinical trials [24] . After considering an estimated additional 10% of follow-up loss, a minimum of 62 patients were needed for the study. Ultimately, a total of 63 metastatic brain tumor patients were enrolled in the study from 2010 to 2016.
Statistics
Mann-Whitney U test and chi-square tests were used to compare the demographic characteristics between those who received the hyperthermia treatment and those who received the conventional treatment. Local recurrence rate between these two groups were compared using the onetailed z-test. One-tailed z-test was used instead of a twotailed z-test as this was a comparison between the hyperthermia treatment group and the group of patients who were previously treated conventionally for metastatic cancer at the National Cancer Center. A Kaplan-Meier analysis was also performed to evaluate the risk of recurrence with appropriate censoring and identification of the numbers of patients at risk. A univariate Cox regression was performed to evaluate the hazard ratio. Results were considered statistically significant when the probability values (p values) were below .05. All statistical analyses were performed using SAS software, version 9.4 (SAS Inc., Cary, NC).
Results
Characteristics of patient population
The characteristics of patients are summarized in Table 1 . A total of 40 male patients and 23 female patients were enrolled in the study. Their mean age was 58 years (33-77 years). Nonsmall cell lung cancer was the most common (66.7%) primary tumor, and breast cancer was the second most common (11.1%). Almost half (46%) of metastatic brain lesions were located in the frontal lobe. The diameter of the tumor ranged from 1.6 cm to 6.6 cm; 36.5% of the tumor had a diameter between 2.1 cm and 3 cm. Ten patients from the hyperthermia treatment group had more than one metastatic lesion; eight patients had two metastatic lesions and two patients had three metastatic lesions. Among 63 patients, 26 patients were able to undergo postoperative radiotherapy. The 37 patients who did not receive post-operative radiotherapy were either those who underwent chemotherapy first or those who were not suitable for adjuvant radiotherapy (ex. history of prior radiotherapy or worsened functional status after treatment). There were no significant difference between the hyperthermia group and the control group in regards to the demographic parameters of sex, age, tumor size and post-operative radiotherapy. The post-operative radiotherapy regimen and radiation dose received by both groups are described in Table 2 .
Post-operative follow up
The absence of residual tumor was confirmed by MRI within 48 h of the surgery. All patients underwent neuroimaging studies at 1 month after the surgery followed by a regular neuroimaging work up every 3 months or when it was clinically indicated. The mean overall follow-up duration for patients who received hyperthermia treatment was 13.7 months (0.8-64 months). The mean follow up duration for patients who received conventional treatment was 10.4 months (0.9-62.4 months). Local recurrence was defined as a tumor recurrence at the original site of resection within 3 years from the surgery, and was diagnosed using brain MRI by the neuroradiologists at National Cancer Center. There were no demonstrable hyperthermia-associated MRI changes in patients who underwent intra-operative hyperthermia treatment.
Analysis of local recurrence
A total of 10 local recurrences were observed in 63 patients who received hyperthermia treatment (15.8%). Among these Figure 6 . Photographs of the hyperthermia device being applied to a patient during the clinical trial. (A) Photograph illustrating how the modified hyperthermia device was applied to a patient in an operating room setting. (B) The hyperthermia device was applied intra-operatively after total resection of the metastatic brain tumor was performed.
10 patients, 7 patients underwent post-operative radiotherapy. The mean time to recurrence was 7.7 months (1.9-24.5 months). Patients who received conventional treatment showed local recurrence rate of 34% with 32 cases of local recurrence in 94 patients. One-tailed z-test showed that the local recurrence rate of those who received hyperthermia treatment was significantly lower than those who received conventional treatment (p values: .001) ( Table 3) .
The local recurrence was also significantly lower in the hyperthermia treatment group compared to the conventional treatment group when Kaplan-Meier analysis was performed to account for those who may have died from systemic disease before local recurrence (p values: .0003) (Figure 7) . Univariate Cox regression analysis showed that the risk of local recurrence was 0.28 times lower in the hyperthermia treatment group compared to the conventional treatment group (95%CI: 0.13-0.59, p values: .0007).
Discussion
Results of this study showed that intra-operative hyperthermia treatment after surgical resection of the metastatic brain -2 1 case: 3000 cGy þ2700 cGy (300 cGy x 10 þ 900 cGy x 3) -1 case: 3000 cGy þ2000 cGy (250 cGy x 12 þ 250 cGy x 8) WBRT þ SRS 1 3000 cGy þ1800 cGy (300 cGy x 10 þ 600 cGy x 3) 1 3000 cGy þ3000 cGy (300 cGy x 10 þ 1000 cGy x 3)
RT: radiotherapy; Tx: treatment; WBRT: whole brain radiotherapy; SRS: stereotactic radiosurgery. a Partial RT: RT to the surgical resection cavity þ2 cm margin.
tumor could reduce local recurrence. The local recurrence rate of patients who received hyperthermia treatment was significantly lower than those who received conventional treatment. Local control of metastatic brain tumor may not greatly affect the overall survival of the patients as the prognosis of these patients depends more heavily on the control of the primary tumor [25] . However, better local tumor control may have several benefits primarily by preventing further neurologic deterioration. This may lead to better quality of life in patients, help to maintain adequate functional status for further adjuvant therapies, and also help to prevent secondary medical problems related to poor neurologic status such as pneumonia or pressure sores. We assume that better local tumor control in the hyperthermia treatment group is most likely due to the heatinduced necrosis of surgically undetectable tumor cells. There was no evidence to suggest that intra-operative hyperthermia treatment improved distant brain failure. We believe that intra-operative hyperthermia treatment could have a few applications in treatment of metastatic brain patients. It could be used as an additional adjuvant therapy to surgical resection and post-operative radiotherapy. Also, it could be used as a salvage treatment when further post-operative radiotherapy is not possible, for example, when cumulative toxicities from previous radiotherapy limit additional radiotherapy for recurrent brain lesions. The question of whether intra-operative hyperthermia treatment could replace postoperative radiotherapy has not been tested. In order to test this hypothesis, we would have had to design a study comparing those who received post-operative radiotherapy and those who received intra-operative hyperthermia treatment without adjuvant radiotherapy after surgical resection of the tumor. However, as numerous studies [26] show that local recurrence is significantly reduced by post-operative radiotherapy, it seemed unethical to deny patients from post-operative radiotherapy for the sake of the clinical trial.
Different methods of hyperthermia treatment for brain tumors are being actively investigated, including the use of magnetic nanoparticles [27, 28] and laser for thermal ablation [29] . Our hyperthermia device avoids direct injury to the surrounding normal brain tissues which may be a problem when directly ablating the tumor with a laser. In addition, as our method of hyperthermia treatment is applied intraoperatively, it may reduce the likelihood of infection compared to the previous method of inserting thermal probes into the brain. Although the total duration of the surgery was prolonged by at least 60 min, which was the amount of time hyperthermia device was applied to the tumor cavity, this did not seem to significantly increase the rate of postoperative infection. Among the 63 patients who received hyperthermia treatment, two cases of surgical site infection occurred. One of the patients later received a wound revision operation, whereas, the other patient recovered fully after being treated with empirical antibiotics. There were also two cases of post-operative seizure. Both seizures were controlled after intravenous injection of antiepileptic drugs.
This study has a few limitations. First, there are limitations to generalize the results of this study as this was a singlecenter, nonrandomized study. The group of patients who were treated with intra-operative hyperthermia was compared to a pool of patients who were treated at the National Cancer Center before the start of the hyperthermia clinical trial. Both groups were heterogeneous in nature consisting of patients with different sizes and numbers of metastatic lesions. Also, patients had different types of primary tumor which would have had impact on the efficacy of post-operative radiotherapy in some of the patients. The chemotherapy regimen varied among the patients according to the different types and genetic/molecular characteristics of the primary tumor. Secondly, although the temperature of the brain tissues around the temperature sensor tip was accurately monitored and kept constant, there were limitations in monitoring the temperature of the rest of the surrounding brain tissues. The hyperthermia implant was designed in a spherical shape to evenly raise the temperature. However, the heterogeneous environment of the brain tissues around the surgical cavity could have affected the thermal distribution. Toward the end of the clinical trial, we developed a modified thermal implant that could harbor five temperature sensor tips to better monitor the temperature of the surrounding tissues (Figure 8 ). However, only one patient from this study was treated using the modified implant. Thirdly, although we developed different sizes of hyperthermia implant for various sizes of resection cavity, we came across a few cases where it was difficult to fit the implant into the resection cavity. Therefore, we found it necessary to develop a finer selection of implant in different sizes before utilizing the hyperthermia device in clinical practices.
Our current clinical trial involves a limited number of heterogeneous patients. We acknowledge that a larger prospective controlled study is required. However, given the adequate local tumor control achieved in the hyperthermia treatment group, we believe that intra-operative hyperthermia treatment could be considered as one of the treatment options for patients with metastatic brain tumors.
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